Abstract-We investigate the effect of spatial dispersion phenomenon on the performance of graphene-based plasmonic devices at THz. For this purpose, two different components, namely a phase shifter and a low-pass filter, are taken from the literature, implemented in different graphene-based host waveguides, and analyzed as a function of the surrounding media. In the analysis, graphene conductivity is modeled first using the Kubo formalism and then employing a full-kρ model which accurately takes into account spatial dispersion. Our study demonstrates that spatial dispersion up-shifts the frequency response of the devices, limits their maximum tunable range, and degrades their frequency response. Importantly, the influence of this phenomenon significantly increases with higher permittivity values of the surrounding media, which is related to the large impact of spatial dispersion in very slow waves. These results confirm the necessity of accurately assessing non-local effects in the development of practical plasmonic THz devices.
Introduction
Graphene has recently attracted large attention as a potential platform for surface plasmon polaritons (SPPs) at terahertz (THz) frequencies [1] . Graphene electrical properties, which include high carrier mobility and saturation speed, electrostatic and magnetostatic reconfiguration, and relatively low losses among many others [2] , have triggered the theoretical development of tunable plasmonic devices such as waveguides [3] , leaky-wave antennas [4] , [5] , reflectarrays [6] , switches [7] , phase shifters [8] , or filters [9] . Importantly, the propagation of SPPs along graphene has just been experimentally confirmed [10] and some initial devices, including THz modulators [11] and Faraday rotators [12] , have been demonstrated. Consequently, it is expected that novel plasmonic devices with unprecedent performance in the THz band will be developed in the coming years.
In the theoretical development of non-magnetic plasmonic devices, graphene has usually been modeled as an infinitesimally thin layer characterized by a scalar conductivity obtained through the Kubo formalism [13] . This formulation provides a large scale model of graphene, valid from DC to optical frequencies, but neglects the possible presence of spatial dispersion (non-local) effects, i.e. the dependence of graphene conductivity with the propagating wavenumber. Several authors have recently investigated how this phenomenon modifies the propagation characteristics of SPPs [13] - [17] , concluding that spatial dispersion becomes significant in case of very large propagating wavenumbers. In this context, this letter studies the influence of spatial dispersion effects on the performance of graphene-based plasmonic devices at THz. For this purpose, two examples of such devices, namely a phase shifter [8] and a low-pass filter [9] , have been chosen from the literature, implemented in graphene-based single layer and parallel-plate (PPW) host waveguides [14] , [17] , and analyzed as a function of the surrounding media. In the analysis, graphene is modeled first using the Kubo formalism [13] and then employing an accurate conductivity model which takes into account spatial dispersion arXiv:1403.0130v1 [cond-mat.mes-hall] 1 Mar 2014 in the THz band [16] . Our study demonstrates that (a) spatial dispersion modifies the behavior of plasmonic devices by upshifting their operation frequency, degrading their frequency response, and limiting their maximum tunable range; and (b) the influence of spatial dispersion increases with higher permittivities of the surrounding media. These results clearly confirm the necessity of accurately assessing spatial dispersion phenomenon in the development of plasmonic THz devices.
Graphene-based Host Waveguides
This section briefly describes the behavior of two wellknown 2D graphene-based waveguides [8] , [13] (see Fig. 1 ) which are employed below to design the plasmonic devices under investigation. The lateral dimensions of the waveguides are assumed to be much larger than the guided wavelength. The first configuration (see Fig. 1a ) consists of a single graphene layer transferred onto a dielectric, and it supports a unique TM SPP [13] at the frequency band of interest. The second structure (see Fig. 1b ) is composed of a graphenebased parallel-plate waveguide with a separation distance d between the graphene sheets much smaller than their width. Even though this waveguide may support two modes [3] , [14] , we focus here on the quasi-TEM mode due to its extreme confinement to the graphene layers. In both waveguides, gating pads are located close to the graphene layers to dynamically control the guiding properties of each waveguide section by exploiting graphene's field effect [2] , [8] .
In the analysis of the host waveguides, graphene is modeled as an infinitesimally thin layer characterized by a scalar conductivity which depends on frequency, graphene's electron relaxation time τ and chemical potential µ c , and temperature T . Neglecting the influence of spatial dispersion, graphene's conductivity is obtained using the well-known Kubo formalism [13] . Then, the propagation constant k ρ L and characteristic impedance Z C L of the propagating modes can be easily obtained using standard techniques [8] , [13] . When spatial dispersion effects are taken into account, graphene is characterized using the full-k ρ relaxation-time-approximation (RTA) conductivity model introduced in [16] , which provides accurate representation for any plasmon wavenumber and is valid in the whole THz band. Importantly, we have numerically verified that the Bhatnagar-Gross-Krook conductivity model also proposed in [16] , which enforces charge conservation and is expected to be more accurate, leads to extremely similar results [17] while adding substantial mathematical complexity. The propagation constant k ρ N L and characteristic impedance Z C N L of the host waveguides can then be obtained in closed-form following the approach developed in [17] . For the sake of illustration, Figs. 2a-2b show the normalized phase constant of the considered spatially-dispersive graphene waveguides embedded in silicon (Si) (ε r = 11.9) as a function of frequency and chemical potential. Figs. 2c-2d show the relative error in these computations when neglecting spatial dispersion. As can be observed, the Kubo conductivity model systematically overestimates the propagation constants of the waves, especially when graphene chemical potential is low. In addition, the non-linear distribution of this error as a 
in the calculation of panels (a)-(b) when using a local conductivity model. Parameters are d = 100 nm, τ = 1 ps, ε r1 = ε r2 = 11.9 and T = 300 K. function of µ c will inevitably lead to unexpected behavior of graphene-based plasmonic devices. Very large wavenumbers which were possible to obtain in the local case using low chemical potentials, can no longer be obtained due to spatial dispersion. This can be understood in terms of the finite quantum capacitance of graphene [9] , [16] , which impairs large values of the wavevector. This limitation implies that plasmonic devices that rely on abrupt variations of graphene conductivity may become more difficult to realize in practice than initially expected.
Results and discussion
This section studies the influence of spatial dispersion on the performance of graphene-based plasmonic phase shifters [8] and low-pass filters [9] . Results have been obtained using a transmission line model combined with a transfer-matrix approach [8] , [9] , considering graphene with τ = 1.0 ps at T=300 K. Without loss of generality, we assume ε r1 = ε r2 = ε r throughout this section. In the local case, results have been validated using data from full-wave simulations (not shown here for the sake of compactness). However, note that current commercial full-wave software packages are not able to simulate spatially-dispersive graphene structures.
A. Graphene-Based Phase Shifters
Let us consider a digital load-line graphene-based phase shifter where N gated sections of the waveguide allow for [8] . Specifically, we implement a 3-bit phase shifter with shifts of 45
• , 90
• and 180
• at the operation frequency f = 2 THz. The characteristics of each waveguide section, in terms of chemical potential and pad length, are obtained following the approach described in [8] , and are shown in Table I considering a local graphene conductivity model. This design assumes that the host waveguides are embedded in Si (ε r = 11.9), which is a realistic situation. Note that in [8] spatial dispersion was safely neglected because the structures were standing in freespace. Figs. 3a-3b illustrate the performance of this phase shifter in the single layer implementation (Fig. 1a) . Ignoring spatial dispersion leads to large errors in the relative phase shifts between the ports, although no significant error occurs in the transmitted and reflected power. Fig 3c illustrates the error in the phase shift at the operation frequency for various phase shifters designed with different surrounding permittivity. As can be observed, the influence of neglecting spatial dispersion significantly increases for higher permittivities values. Figs. 3d-3f show the same information for the PPW implementation (Fig. 1b) . A larger error in the phase shift is observed in this case, which is due to the higher confinement of the quasi-TEM mode. Importantly, note that these errors can be easily compensated by simply using the correct spatially dispersive conductivity in the design procedure.
B. Graphene-Based Low-Pass Filters
Let us consider graphene-based low-pass filters in the THz, as proposed in [9] . Specifically, we implement a 7 th degree filter with cutoff frequency f c = 3 THz. For the sake of comparison, we design this filter in free-space (ε r = 1) and embedded in Si (ε r = 11.9). The design parameters of the Siembedded filter, computed following [9] , are shown in Table  II . Figs. 4a-4b show the frequency response corresponding to the single graphene sheet filters, standing in free-space and embedded in Si, respectively. As expected, for ε r = 1 spatial dispersion proves to be irrelevant. On the other hand, for ε r = 11.9 the filter response severely deteriorates, up-shifting its cutoff frequency and unevenly increasing the reflection throughout the passband. Note that the presence of spatial dispersion prevents the total compensation of this latter effect, due to the higher non-linear nature of the mode's propagation constant and characteristics impedance. Fig 4c illustrates the error in the filter's cutoff frequency and the maximum return loss in the filter's passband for various low-pass filters designed using dielectrics with increasing permittivity values. Table II ). Parameters are d = 100 nm, τ = 1 ps and T = 300 K (solid line -results neglecting spatial dispersion effects, dashed line -results including spatial dispersion effects). Similarly to the case of the phase-shifters, the influence of spatial dispersion increases when the permittivity of the surrounding medium increases. Figs. 4d-4f show the same study for the PPW implementation. As expected, a larger shift in the cutoff frequency is observed in this case, but interestingly, the maximum error of the return loss within the passband is lower. Contrary to the single sheet implementation, we have verified that a uniform level of in-band return loss can be achieved using graphene-based PPW, because the characteristic impedance of each spatially-dispersive transmission line section remains more linear with frequency. This indicates that the use of graphene PPW structures could be advantageous over the use of single sheet structures, when low return losses are essential in lowpass filter applications.
Conclusion
We have studied the influence of non-local effects in the response and performance of plasmonic graphene THz devices. Following previous works, we have focused on graphene-based phase shifters and low pass filters, necessary elements for THz communication and sensing systems. Due to the extremely slow waves supported by graphene-based waveguides in the presence of high permittivity media, spatial dispersion becomes a significant mechanism of propagation that modifies the expected behavior of these devices by up-shifting their operation frequency, limiting their tunable range, and degrading their frequency response. Consequently, spatial dispersion must be accurately taken into account in the development of graphene-based plasmonic THz devices.
